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Shot noise in negative-differential-conductance devices

W. Song, E. E. Mendez,® V. Kuznetsov, and B. Nielsen
Department of Physics and Astronomy, State University of New York at Stony Brook, Stony Brook,
New York 11794-3800

(Received 12 September 2002; accepted 15 January) 2003

We have compared the shot-noise propertie3a#.2 K of a double-barrier resonant-tunneling
diode and a superlattice tunnel diode, both of which exhibit negative differential-conductance
(NDC) in their current—voltage characteristics. While the noise spectral density of the former device
was greatly enhanced over the Poissonian valueedfir2 the NDC region, that of the latter device
remained 21. This result implies that charge accumulation, not system instability, is responsible for
shot-noise enhancement in NDC devices.2@03 American Institute of Physics.

[DOI: 10.1063/1.1558953

To gain a deep insight on the transport mechanisms of anharacteristics and noise properties of a semiconductor diode
electronic device it is sometimes essential to measure its shtat shows NDC behavior similar to that of a resonant-
noise. Then, the noise becomes the signal, paraphrasirignneling diode but in which charge accumulation does not
Landauet: The work described here illustrates dramatically occur.
this point, by comparing two types of semiconductor devices  The device, which we caBuperlattice tunnel diodand
(a double-barrier resonant tunneling diode and a singleis shown in Fig. 1, consists of a single potential barrier be-
barrier tunneling diode with electrodes made out of dopedween two identical electrodes, each formed by a doped
superlattices that exhibit similar nonlinear current—voltage superlattice:'® For energies below that of the single-barrier
(I1-V) characteristics and yet show very different shot-noiséheight, each superlattice has two minibands separated by a
behavior. one-dimensional energy gapor pseudogap only the

In a double-barrier resonant tunneling diode, the currenground-state miniband igartially) occupied. On the appli-
increases linearly with voltage once the first confined state i§ation of a biasV, tunnel current flows between the first
the well between the barriers is aligned in energy with theminibands of the electrodes, as longedsis smaller than the
Fermi energy of the emitter electrode. As a consequence dhiniband width,A. Initially, the current increases with,
parallel (to the heterostructure’s interfagesomentum con-  but above a certain voltagevhich depends on the level of
servation, the current drops abruptly when the confined stat@ccupation of the minibandhe current reaches a maximum
falls in energy below the conduction band of that electrode¥alue and then starts to decrease. When the bias exceeds the
It is this negative differential conductan¢diDC) and the  critical voltageA/e, at low temperature, the pseudogap be-
concomitant instability of the system that is attractive for
high-frequency oscillators and even digital electrofics. 1000 TN

The shot-noise properties of this device are well estab-

LT

lished both experimentalffy®and theoretically:”® The noise T

spectral density,S, is proportional to the current, S Ee

=2eFI, wheree is the electronic charge arfé is the so-

called Fano factor. In the linear-current regifRds smaller

than one whereas in the NDC region it is larger than one,
indicating negative and positive correlations in the electronic
motion, respectively. In the double-barrier diode, the reduc-
tion of shot noise to a value below that of a Poissonian
distribution (S=2el) is a consequence of charge accumula-
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tion in the quantum well during the tunneling procé&ghe

enhancement has been explained in terms of the additional | 100000

large potential fluctuations when the diode is in the NDC mm:ev

region®~’ ' TTTTIT @v>pe

Vi Zizz 2

It has been pointed out by Blanter andtiker that, in
general, system instability rather than charge accumulation,

may be the necessary condition for shot noise enhancé}nenElG. 1. Energy profile of a superlattice tunnel diode, consisting of a wide

_ : : : botential barrier separating two identical, doped superlattices that act as
but double-barrier diodes are not suitable to explore that Suilectrodes. In equilibrium(a), the minibands of both superlattices are

gestion, since instabilityor NDC) goes hand in hand with  zjigned in energy. When a biag, is applied between the electrodés, the
charge accumulation. Instead, we have measured th&  bands are misaligned and electrons tunnel through the barrier. If the bias
exceeds the valuel/e, (c) band misalignment is complete and the
pseudogap between the first two minibands in the collector electrode pre-
dElectronic mail: emendez@notes.cc.sunysb.edu vents tunneling.
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FIG. 2. (a) Current—voltage characteristic, &t=4.2 K, for a superlattice tunnel diode with an undoped 102 A, &, sAs barrier and 42-23 A
GaAs—GgesAl o 35As superlattices doped toX110* cm™2, as electrodegb) current—voltage characteristic at 4.2 K for a double-barrier resonant tunneling
diode with 100 A GggAlg4dAs barriers and a 40 A GaAs wellg) Fano factorF (F=S/2el, whereS is the noise spectral density ahds the currentfor

the diode of parfa). The value ofF remains around 1, before and after the negative differential conductance r@i&i@no factor for the double-barrier
diode of part(b). In contrast with the result dit), F falls below 1 below the peak-current voltage and is enhanced well above 1 in the negative differential
conductance region. The double traces that appeér) iand (d) correspond to measurements taken by sweeping the voltage up and down.

tween the collector minibands blocks the tunneling electron®er is considerably larger than the 25 meV derived from the
and (ideally) the current vanishes. At even higher voltages,peak voltage in Fig. @), although it agrees with the 50 meV
the current increases again when the collector’s second mingbtained from the peak voltage for the opposite bias polarity
band becomes aligned with the emitter’s first minib&hd.  (not shown. The asymmetry between the two bias directions
The superlattice tunnel diode was implemented by preis probably a consequence of an unintentional difference be-
paring by molecular beam epitaxy a semiconductor heterotween the two superlattice electrodes. The larger voltages
structure with an undoped 102 A GaAl, 3As barrier and a  found for sample B result from light doping at the electrodes,
50-period superlattice on each side of the barrier. Each pewhere a significant portion of the applied voltage drops.
riod was a 42-23 A GaAs—GasAlg35As pair, doped uni- Control sample C exhibited a nonlinek+V character-
formly with 1< 10 cm™2 Si donors in one heterostructure istic at 4.2 K but, as expected, no sign of NDC. Finally, the
(device A and 5< 10 cm™2 in a second, otherwise identi- double-barrier diodésample D had a sharp NDC region at
cal, structure(device B. Two additional heterostructures 266 mV [see Fig. 2b)], corresponding to the voltage at
were prepared as control samples. In one, both electrodesghich the confined state in the well passes below the con-
weren* GaAs regiong(device G instead of superlattices. duction band edge of the emitter.
The second control sample was a double-barrier diode with Once thel -V characteristics of the various structures
100 A GagAlgsoAs barriers and a 40 A GaAs well, and are well established, we can focus on their noise character-
with n-type GaAs electrode&evice D. In all cases, sub- istics at 4.2 K. In all cases, except at the smallest voltages,
strate and cap layers were heavily dopetype GaAs, to the noise was proportional to the current, an indication that
which ohmic contacts were made by evaporating and anneathe typical currents flowing through the devices were large
ing a AuGe—Ni alloy. enough to make thermal noise negligible. At the same time,
The |-V characteristic for device A af=4.2K is care was taken to restrict the currefity a combinaton of
shown in Fig. 2a). Initially, the current increases almost lin- design of the tunnel barriers and of device site low
early with increasing bias between the emitter and collectoenough levels so that no hysteresis due to external-circuit
electrodes. The quasilinear dependence is followed by a cumstability was present in the NDC regions of theV char-
rent drop at around 25 mV, which continues up to 150 mV, atacteristics.
which point the current increases rapidly with bias. This be-  Figure Zc), which shows the Fano factor of sample A as
havior is consistent with the transport mechanism described function of voltage, captures the essence of this work:
above for a superlattice tunnel diode. SamplénBt shown  within experimental uncertainty, F is essentially one in the
exhibited a similar characteristic, although the peak-currengntire voltage range. As also observed in sample B, there is
and valley-current voltages were larger. neither suppression nor enhancement before or after the
For the material parameters of samples A and B, a@DC region. This is in marked contrast with the Fano factor
simple Kronig—Penney calculation of the superlattice yieldsve obtained for the double-barrier diode, sample D, shown

a 52 meV width for the ground-state minibatfdThis num-  in Fig. 2(d). Here F falls significantly below 1 in the quasi-
Downloaded 11 Mar 2003 to 129.49.58.235. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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linear current region and then shoots up sharply up to 2.3 at After comparing experimentally the noise properties of
the NDC voltage, to fall back to 1 once the NDC region two types of NDC devices, we conclude that charge accumu-
disappears. lation, not system instability, is ultimately responsible for the
The sharp difference between the noise characteristics guper-Poissonian shot noise of the NDC region. Simple noise
the two types of NDC devices stems from the difference inmeasurements like those presented here should be able to
their tunneling mechanisms. The partial suppression of shaliscern between competing transport mechanisms in other
noise in the linear regime of the double-barrier diode hasnesoscopic structures in which charge accumulation is an
been explained by the charge correlation imposed by Pauli'ssue, even as subtle as in the case of tunneling through a
exclusion principle, which prevents an electron from tunnel-single barrier into a quantum wéfl. Such measurements
ing from the emitter into the quantum well unless the con-might also help to differentiate between sequential and co-
fined state is unoccupied. Noise suppression is thus a conskerent tunneling in multple-well heterostructures.
guence of charge accumulation in the well. The authors are grateful to M. Hong for providing some
Theoretically, the Fano factor 5=0.5 when the tunnel- of the heterostructures used in this study, and to Ya. Blanter
ing probabilities through the individual barriers are the sameand M. Bitiker for useful discussions. This work has been
and it approaches 1 when they are very different from eackupported by the National Science Foundation and the Army
other® In the case of Fig. @) the minimum Fano factor is Research Office.
about 0.7 and not 0.5, which implies an asymmetry between
the two barriers, either intrinsic or induced by the applied ;E Landauer, Nature_ondon 3925:8('1998& — .
voltage. Sl the noise reducton i the quasilneat regime is"For & <1t e e, > 0 Phycs and Aepicatons of Resonan
unambiguous proof of charge accumulation in the well, ety press, cambridge, 1995
which occurs even if intrinsic bistability is not observed in 3Y.p. Li, A. Zaslavsky, D. C. Tsui, M. Santos, and M. Shayegan, Phys. Rev.
the NDC regior? B 41, 8388(1990. ,
The noise enhancement  the NDC region of a doublecE . B0, IEEE T Scton Devcss sessiomn.
barrier diode has been attributed to electrostatic-potential | ot 8o, 1054(1998.
fluctuations when an electron tunnels into the well. Once the®V. V. Kuznetsov, E. E. Mendez, J. D. Bruno, and J. T. Pham, Phys. Rev. B
confined state falls below the electrode’s conduction—band7$gv ﬁloézaii?i% M. Ettiker, Phys. Rev. E59, 10217(1993
edge and the tunnellng' glensﬂy of states is very small, thoseYa: M. Blanter and M. Bttiker ths: Repésa ] (2000. '
fluctuations lead to positive feedback and charge correlationsr, pavies, M. Kelly, and T. Kerr, Phys. Rev. Le5, 1114(1985.
that increase shot noiS€A self-consistent calculation of the °J. W. Sleight, R. J. Aggarwal, W. Duncan, Y.-C. Kao, H. L. Tsai, W. R.
1=V and S- characteisics using a Iinear approdmation, e, & L T M Bt P REBTONSER.
has Shown that indeed the Fano factor diverges as the NDCanangous to that of a conventional tunrielsakj diode, whose noise
voltage is approache(d. properties were studied long agd. J. Tiemann, Proc. IRE8, 1418
In contrast, in the superlattice tunnel diode of Fig. 1 (1960]. Unfortunately, those early experiments were done at room tem-
there is no tunnel bottleneck and no charge accumulation.Perature and using a very primitivéfor today's standards noise-

. . measurement setup, so that the results were not conclusive. The data
Electron tunneling is then an uncorrelated process and, as,

showed that the noise’s power spectral density was somewhat larger than
our results show, shot noise does not deviate from its Pois-2e at the beginning of the NDC region. This behavior was accounted for
sonian behavior, regardless of whether the diode is in the by a model that assumed full shot noise and included the contribution of
NDC regime or not. From the point of view of noise, the lz?ﬁthfth”e ef“ittef'lto'co”ecwf a”g EO"?CIOQ‘@'E{T"S“E; curens

. . : . . e following values were used: barrier height, meV; effective mass,
sgperlattlcc_a tunnel diode is not different from a convenponal 0.067m,, Wﬁeremo is the free-electron masgs.
single-barrier heterostructure such as sample C, for which wey workog, J. chen, U. K. Reddy, T. Henderson, and S. Luryi, Appl. Phys.

found F=1 throughout the voltage rang® & 140 mV). Lett. 49, 70 (1986.
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